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(57) ABSTRACT

A bicontinuous separating layer include a separating matrix
having pores and a solid-state electrolyte disposed in the
pores of the separating matrix. In certain variations, the
bicontinuous separating layer 1s prepared by contacting a
solid-state electrolyte liquid-state precursor with the sepa-
rating matrix and heating the infiltrated separating matrix to
a temperature between about 25° C. and about 300° C. The
solid-state electrolyte liquid-state precursor includes a sol-
vent and a solid-state electrolyte powder or a solid-state
clectrolyte precursor. In other variations, the bicontinuous
separating layer may be prepared by contacting a solid-state
clectrolyte powder with a separating matrix to form a
physical mixture and heating the physical mixture to a
temperature between about 240° C. and about 3500° C.,
where the separating matrix 1s defined by a polymer having
a melting temperature greater than about 215° C., and the

solid-state electrolyte has a melting temperature greater than
about 300° C.
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BICONTINUOUS SEPARATING LAYERS FOR
SOLID-STATE BATTERIES AND METHODS
OF FORMING THE SAME

GOVERNMENT FUNDING

[0001] This invention was made with government support
under Agreement No. DE-EE0008857 awarded by the
Department of Energy. The Government may have certain
rights in the mvention.

INTRODUCTION

[0002] This section provides background information
related to the present disclosure which 1s not necessarily
prior art.

[0003] Flectrochemical energy storage devices, such as
lithium-1on and/or sodium-ion batteries, can be used 1n a
variety of products, including automotive products such as

start-stop systems (e.g., 12V start-stop systems), battery-
assisted systems (“uVBAS”), Hybnid Electric Vehicles

(“HEVs™), and Electric Vehicles (“EVs™). Typical lithium-
ion and/or sodium-ion batteries include two electrodes and
an electrolyte component and/or separator. One of the two
clectrodes can serve as a positive electrode or cathode, and
the other electrode can serve as a negative electrode or
anode. A separator filled with a liquid or solid electrolyte
may be disposed between the negative and positive elec-
trodes. The electrolyte 1s suitable for conducting lithium 1ons
and/or sodium 1ons between the electrodes and, like the two
clectrodes, may be 1n solid and/or liquid form and/or a
hybrid thereof. In instances of solid-state batteries, which
include solid-state electrodes and a solid-state electrolyte (or
solid-state separator), the solid-state electrolyte (or solid-
state separator) may physically separate the electrodes so
that a distinct separator 1s not required.

[0004] Many different materials may be used to create
components for a lithtum-1on and/or sodium-ion battery. For
example, for solid-state batteries, solid-state electrolytes are
often used 1n placed of porous (e.g., plastic film) separators.
However, solid-state electrolytes are often very thick (e.g.,
greater than about 100 micrometers (um)), which reduces
energy densities for solid-state batteries. Further, in the
instance of negative electrodes including lithium metals, the
lithium metal often cause short circuits in solid-state batter-
1ies by depositing (e.g., plating) in pores and cracks, and also
along grain boundaries. Accordingly, it would be desirable
to develop improved battery materials, and more particularly
separating layers for solid-state batteries, that can address
these challenges.

SUMMARY

[0005] This section provides a general summary of the
disclosure, and 1s not a comprehensive disclosure of 1ts tull
scope or all of its features.

[0006] The present disclosure relates to solid-state batter-
ies, and more specifically, to bicontinuous separating layers
for solid-state batteries, as well as to methods of making and
using the same.

[0007] In various aspects, the present disclosure provides
a bicontinuous separating layer for an electrochemical cell.
The bicontinuous separating layer may include a separating
matrix having pores and a solid-state electrolyte disposed in
at least a portion of the pores of the separating matrix. The
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bicontinuous separating layer may have an 1onic conductiv-
ity greater than or equal to about 2.5x10™> S/cm at 25° C.
[0008] In one aspect, the separating matrix may have a
porosity greater than or equal to about 30 vol. % to less than
or equal to about 80 vol. %, and the solid-state electrolyte
may occupy greater than or equal to about 60% of a total
porosity ol the separating matrix.

[0009] In one aspect, the bicontinuous separating layer
may have a Gurley number greater or equal to about 300
s/100 cc, and an areal resistance greater than or equal to
about 2 Q-cm” to less than or equal to about 100 Q-cm®.
[0010] In one aspect, an average pore diameter for the
pores of the separating matrix may be greater than or equal
to about 0.03 micrometers to less than or equal to about 1
micrometer, and an average particle size for the solid-state
clectrolyte may be greater than or equal to about 0.03
micrometers to less than or equal to about 1 micrometer.
[0011] In one aspect, a thickness of the bicontinuous
separating layer may be defined by the separating matrix and
an average thickness of the separating matrix may be greater
than or equal to about 10 micrometers to less than or equal
to about 100 micrometers.

[0012] In one aspect, the separating matrix may include
one or more of: aramid, ultra-high molecular weight poly-
cthylene, mnorganic fibers, polymethyl penetene, or any
combination thereof.

[0013] In one aspect, the solid-state electrolyte may
include a solid-state electrolyte material selected from the
group consisting of: L1;,PS,, L1,P5S,,, L1,P3S,,_)O, (where
O=x=1.23), L1.PS.M (where M 1s selected from the group
consisting of: chloride (Cl), bromide (Br), 1odine (I), and
combinations thereot), L1,PS M (where M 1s selected from
the group consisting of: chloride (Cl), bromide (Br), 1odine
(I), and combinations thereot), Na,PS,, Na_, PSS, _,Se,
(where O=x=<0.1), and combinations thereof.

[0014] In one aspect, the separating matrix may include
the ultra-high molecular weight polyethylene, and the ultra-
high molecular weight polyethylene may be mixed with an
inorganic filler up to a loading of about 80 wt. %. The
inorganic filler may be selected from the group consisting of:
alumina, silica, titania, and combinations thereof.

[0015] In one aspect, the separating matrix may include a
polymer having a melting temperature greater than or equal

to about 215° C.

[0016] In one aspect, the polymer may be selected from
the group consisting of: polycaprolactam, polybutylene tere-
phthalate (PBT), polymethylpentene (PMP), polyethylene
terephthalate (PET), poly(hexamethylene adipamide), cellu-
lose, liquid crystalline polymer, polyether ether ketone
(PEEK), polyaramid, fiberglass, and combinations thereof.
[0017] In one aspect, the solid-state electrolyte powder
may have a melting temperature less than or equal to about
300° C.

[0018] In one aspect, the solid-state electrolyte powder
may include L1, ,OHCI], .

[0019] In various aspects, the present disclosure provides
a method for forming a bicontinuous separating layer for an
clectrochemical cell. The method may include contacting a
solid-state electrolyte liquid-state precursor with a separat-
ing matrix having pores. The solid-state electrolyte liquid-
state precursor may enter at least a portion of the pores of the
separating matrix to form an infiltrated separating matrix.
The solid-state electrolyte liquid-state precursor may
include a solvent and a solid-state electrolyte powder or a
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solid-state electrolyte powder precursor. The method may
also include heating the infiltrated separating matrix to a
temperature greater than or equal to about 25° C. to less than
or equal to about 300° C. to remove the solvent and form the
bicontinuous separating layer. The bicontinuous separating,
layer may include a solid-state electrolyte 1in at least the
portion of the pores of the separating matrix.

[0020] In one aspect, the contacting and the heating may
be repeated until the solid-state electrolyte {fills greater than
or equal to about 60% of a total porosity of the separating
matrix.

[0021] In one aspect, the temperature may be a {irst
temperature, and the method may further include at least one
of: heating the bicontinuous separating layer to a second
temperature greater than or equal to about 100° C. to less
than or equal to about 550° C., and heating the bicontinuous
separating layer to a third temperature greater than or equal
to about 100° C. to less than or equal to about 550° C. while
applying a pressure greater than or equal to about 1 MPa to
less than or equal to about 300 MPa.

[0022] In one aspects, the separating matrix may include
aramid, ultra-high molecular weight polyethylene, inorganic
fibers, polymethyl penetene, or any combination thereof.
[0023] In one aspect, the solid-state electrolyte may
include a solid-state electrolyte material selected from the
group consisting of: L1,PS,, L1,P,S,, L1,P,S O, (where
O=x=<1.25), L1,.PS.M (where M 1s selected from the group
consisting of: chloride (Cl), bromide (Br), iodine (I), and
combinations thereot), L1,PS M (where M 1s selected from
the group consisting of: chloride (Cl), bromide (Br), 1odine
(I), and combinations thereof), Na,PS,, Na,_, PS._,Se,
(where 0=x=<0.1), and combinations thereof.

[0024] In one aspect, the solid-state electrolyte powder
precursor may be selected from the group consisting of:
L1,0, Li,S, P,S., P,O., polysulfides, and combinations
thereof.

[0025] In one aspect, the solvent may be selected from the
group consisting of: acetomtrile (ACN), tetrahydrofuran

(THF), ethanol (EtOH), methanol (MeOH), n-methylforma-
mide (NMF), ethyl propionate (EP), water (H,O), hydrazine,
n-hexane, glycol ethers, ethyl acetate (EA), and combina-
tions thereof.

[0026] In one aspect, the temperature may be a first
temperature, the separating matrix may include ultra-high
molecular weight polyethylene, the ultra-high molecular
weight polyethylene may be mixed with an 1norganic filler
up to a loading of about 80 wt. %, and the method may
turther include preparing the solid-state electrolyte solution.
Preparing the solid-state electrolyte solution may include
contacting the solid-state electrolyte powder precursor with
a solvent and heating the bicontinuous separating layer to a
second temperature greater than or equal to about 100° C. to
less than or equal to about 350° C. The solid-state electrolyte
powder precursor may be selected from the group consisting,
of: L1,0, L1,S, P,S., P,O., polysulfides, and combinations
thereof. The solvent may be selected from the group con-
sisting of: acetonitrile (ACN), tetrahydrofuran (THF), etha-
nol (EtOH), methanol (MeOH), n-methylformamide
(NMF), ethyl propionate (EP), water (H,O), hydrazine,
n-hexane, glycol ethers, ethyl acetate (EA), and combina-
tions thereof.

[0027] In various aspects, the present disclosure provides
a method for forming a bicontinuous separating layer for an
clectrochemical cell. The method may include contacting a
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solid-state electrolyte powder with a separating matrix hav-
ing pores to form a physical mixture. The separating matrix
may be defined by a polymer having a melting temperature
greater than or equal to about 215° C., and the solid-state
clectrolyte may have a melting temperature greater than or
equal to about 300° C. The method may also include heating
the physical mixture to a temperature greater than or equal
to about 240° C. to less than or equal to about 500° C. to
form a melted mixture, mixing the melted mixture to form
a precursor mixture, and extruding the precursor mixture to
form the bicontinuous separating layer. The bicontinuous
separating layer may include a solid-state electrolyte 1n at
least the portion of the pores of the separating matrix.
[0028] In one aspect, the polymer may be selected from
the group consisting of: polycaprolactam, polybutylene tere-
phthalate (PBT), polymethylpentene (PMP), polyethylene
terephthalate (PET), poly(hexamethylene adipamide), cellu-
lose, liquid crystalline polymer, polyether ether ketone
(PEEK), polyaramid, fiberglass, and combinations thereof.
[0029] In one aspect, the solid-state electrolyte may
include L1, ;JOHCI, ..

[0030] Further areas of applicability will become apparent
from the description provided herein. The description and
specific examples 1n this summary are intended for purposes
of 1llustration only and are not intended to limit the scope of
the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] The drawings described herein are for illustrative
purposes only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.

[0032] FIG. 1 1s an illustration of an example solid-state
battery including a bicontinuous separating layer 1n accor-
dance with various aspects of the present disclosure;
[0033] FIG. 2 1s a flowchart illustrating an example
method for preparing an example bicontinuous separating
layer for a solid-state battery in accordance with various
aspects of the present disclosure; and

[0034] FIG. 3 a flowchart illustrating another example
method for preparing an example bicontinuous separating
layer for a solid-state battery in accordance with various
aspects of the present disclosure.

[0035] Corresponding reference numerals indicate corre-
sponding parts throughout the several views of the drawings.

DETAILED DESCRIPTION

[0036] Example embodiments are provided so that this
disclosure will be thorough, and will fully convey the scope
to those who are skilled in the art. Numerous specific details
are set forth such as examples of specific compositions,
components, devices, and methods, to provide a thorough
understanding of embodiments of the present disclosure. It
will be apparent to those skilled 1n the art that specific details
need not be employed, that example embodiments may be
embodied 1n many different forms and that neither should be
construed to limit the scope of the disclosure. In some
example embodiments, well-known processes, well-known
device structures, and well-known technologies are not
described 1n detail.

[0037] The terminology used herein 1s for the purpose of
describing particular example embodiments only and 1s not
intended to be limiting. As used herein, the singular forms
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a,” “an,” and “the” may be intended to include the plural
forms as well, unless the context clearly indicates otherwise.
The terms “comprises, 7

b B Y 4

comprising,” “including,” and
“having,” are inclusive and therefore specily the presence of
stated features, elements, compositions, steps, integers,
operations, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof. Although the open-ended term “comprising,” 1s to
be understood as a non-restrictive term used to describe and
claim various embodiments set forth herein, i1n certain
aspects, the term may alternatively be understood to instead
be a more limiting and restrictive term, such as “consisting
of” or “consisting essentially of.” Thus, for any given
embodiment reciting compositions, materials, components,
clements, features, integers, operations, and/or process
steps, the present disclosure also specifically includes
embodiments consisting of, or consisting essentially of, such
recited compositions, materials, components, elements, fea-
tures, integers, operations, and/or process steps. In the case
of “consisting of,” the alternative embodiment excludes any
additional compositions, materials, components, elements,
features, 1ntegers, operations, and/or process steps, while 1n
the case of “consisting essentially of,” any additional com-
positions, materials, components, elements, features, inte-
gers, operations, and/or process steps that materially aflect
the basic and novel characteristics are excluded from such
an embodiment, but any compositions, materials, compo-
nents, elements, features, ntegers, operations, and/or pro-
cess steps that do not materially affect the basic and novel

characteristics can be included in the embodiment.

[0038] Any method steps, processes, and operations
described herein are not to be construed as necessarily
requiring their performance in the particular order discussed
or illustrated, unless specifically 1dentified as an order of
performance. It 1s also to be understood that additional or
alternative steps may be employed, unless otherwise indi-
cated.

[0039] When a component, element, or layer 1s referred to
as being “on,” “engaged to,” “connected to,” or “coupled to”
another element or layer, 1t may be directly on, engaged.,
connected, or coupled to the other component, element, or
layer, or mtervening elements or layers may be present. In
contrast, when an element 1s referred to as being “directly
on,” “directly engaged to,” “directly connected to,” or
“directly coupled to” another element or layer, there may be
no itervening elements or layers present. Other words used
to describe the relationship between elements should be
interpreted 1n a like fashion (e.g., “between” versus “directly
between,” “adjacent” versus “directly adjacent,” etc.). As
used herein, the term “and/or” includes any and all combi-
nations of one or more of the associated listed 1tems.

[0040] Although the terms first, second, third, etc. may be
used herein to describe various steps, elements, components,
regions, layers and/or sections, these steps, elements, com-
ponents, regions, layers and/or sections should not be lim-
ited by these terms, unless otherwise indicated. These terms
may be only used to distinguish one step, element, compo-
nent, region, layer or section from another step, element,
component, region, layer, or section. Terms such as “first,”
“second,” and other numerical terms when used herein do
not imply a sequence or order unless clearly indicated by the
context. Thus, a first step, element, component, region,
layer, or section discussed below could be termed a second

A Y
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step, element, component, region, layer, or section without
departing from the teachings of the example embodiments.

[0041] Spatially or temporally relative terms, such as
“before,” “after,” “inner,” “outer,” “beneath,” “below,”
“lower,” “above,” “upper,” and the like, may be used herein

for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as 1llustrated
in the figures. Spatially or temporally relative terms may be
intended to encompass diflerent orientations of the device or
system 1n use or operation 1 addition to the orientation
depicted 1n the figures.

[0042] Throughout this disclosure, the numerical values
represent approximate measures or limits to ranges to
encompass minor deviations from the given values and
embodiments having about the value mentioned as well as
those having exactly the value mentioned. Other than in the
working examples provided at the end of the detailed
description, all numerical values of parameters (e.g., of
quantities or conditions) in this specification, including the
appended claims, are to be understood as being modified 1n
all instances by the term “‘about” whether or not “about”
actually appears before the numerical value. “About” 1ndi-
cates that the stated numerical value allows some slight
imprecision (with some approach to exactness 1n the value;
approximately or reasonably close to the value; nearly). If
the imprecision provided by “about” 1s not otherwise under-
stood 1n the art with this ordinary meaning, then “about™ as
used herein indicates at least variations that may arise from
ordinary methods of measuring and using such parameters.
For example, “about” may comprise a variation of less than
or equal to 5%, optionally less than or equal to 4%, option-
ally less than or equal to 3%, optionally less than or equal
to 2%, optionally less than or equal to 1%, optionally less
than or equal to 0.5%, and 1n certain aspects, optionally less
than or equal to 0.1%.

[0043] In addition, disclosure of ranges includes disclo-
sure of all values and further divided ranges within the entire
range, including endpoints and sub-ranges given for the
ranges.

[0044] Example embodiments will now be described more
tully with reference to the accompanying drawings.

[0045] The current technology pertains to solid-state bat-
teries (SSBs) including bicontinuous (or hybrid) separating
layers, and also, to method of forming and using the same.
Solid-state batteries may include at least one solid compo-
nent, for example, at least one solid electrode, but may also
include semi-solid or gel, liguid, or gas components 1n
certain variations. Solid-state batteries may have a bipolar
stacking design comprising a plurality of bipolar electrodes
where a first mixture of solid-state electroactive material
particles (and optional solid-state electrolyte particles) 1s
disposed on a first side of a current collector, and a second
mixture of solid-state electroactive material particles (and
optional solid-state electrolyte particles) 1s disposed on a
second side of a current collector that 1s parallel with the first
side. The first mixture may include, as the solid-state elec-
troactive material particles, cathode material particles. The
second mixture may include, as solid-state electroactive
matenal particles, anode matenal particles. The solid-state
clectrolyte particles 1n each instance may be the same or
different.

[0046] In other vanations, the solid-state batteries may
have a monopolar stacking design comprising a plurality of
monopolar electrodes where a first mixture of solid-state
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clectroactive matenial particles (and optional solid-state
clectrolyte particles) 1s disposed on both a first side and a
second side of a first current collector, where the first and
second side are substantially parallel, and a second mixture
of solid-state electroactive material particles (and optional
solid-state electrolyte particles) 1s disposed on both a first
side and a second side of a second current collector. The first
mixture may include, as the solid-state electroactive material
particles, cathode matenal particles. The second mixture
may include, as solid-state electroactive material particles,
anode material particles. The solid-state electrolyte particles
in each instance may be the same or diflerent.

[0047] In each instance, the solid-state batteries may be
incorporated into energy storage devices, like rechargeable
lithium-1on batteries, which may be used in automotive
transportation applications (e.g., motorcycles, boats, trac-
tors, buses, mobile homes, campers, and tanks). The present
technology, however, may also be used 1n other electro-
chemical devices, including aerospace components, con-
sumer goods, devices, buildings (e.g., houses, oflices, sheds,
and warehouses), oflice equipment and furniture, and mdus-
trial equipment machinery, agricultural or farm equipment,
or heavy machinery, by way of non-limiting example. In
various aspects, the present disclosure provides a recharge-
able lithtum-1on battery that exhibits high temperature tol-
crance, as well as improved safety and superior power
capability and life performance. Although the following
discuss focuses on lithium-1on batteries, 1t should be appre-

ciated that the teachings may be similarly applied to sodium-
ion batteries.

[0048] An exemplary and schematic 1llustration of a solid-
state electrochemical cell unit (also referred to as a “solid-
state battery” and/or “battery”) 20 that cycles lithium 1ons 1s
shown 1 FIG. 1. The battery 20 includes a negative elec-
trode (e.g., anode) 22, a positive electrode (e.g., cathode) 24,
and an electrolyte layer 26 that occupies a space defined
between the two or more electrodes 22, 24. The electrolyte
layer 26 1s a solid-state or semi-solid state separating layer
that physically separates the negative electrode 22 from the
positive electrode 24, and may be 1n certain variations, as
turther detailed below, a bicontinuous (or hybrid) separating
layer.

[0049] A first or negative electrode current collector 32
may be positioned at or near the negative electrode 22. The
first current collector 32 together with the negative electrode
22 may be referred to as a negative electrode assembly. The
first current collector 32 may be a metal foil, metal grid or
screen, or expanded metal comprising copper or any other
appropriate electrically conductive material known to those
of skill in the art. A second or positive electrode current
collector 34 may be positioned at or near the positive
clectrode 24. The second current collector 32 with the
positive electrode 24 may be referred to as a positive
clectrode assembly. The second current collector 34 may be
a metal foil, metal grid or screen, or expanded metal
comprising aluminum or any other appropriate electrically
conductive material known to those of skill in the art.

[0050] Although not illustrated, the skilled artisan will
recognize that 1n certain variations, the first current collector
32 may be a first bipolar current collector and/or the second
current collector 34 may be a second bipolar current col-
lector. For example, the first current collector 34 and/or the
second current collector 34 may be cladded foils, for
example, where one side (e.g., the first side or the second
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side) of the current collector 32, 34 includes one metal (e.g.,
first metal) and another side (e.g., the other side of the first
side or the second side) of the current collector 32 includes
another metal (e.g., second metal). The cladded foils may
include, for example, aluminum-copper (Al—Cu), nickel-
copper (N1—Cu), stainless steel-copper (SS-Cu), aluminum-
nickel (Al-—Ni), aluminum-stainless steel (Al-SS), and
nickel-stainless steel (N1-S5). In certain variations, the first
current collector 32 and/or second current collectors 34 may
be pre-coated, such as graphene or carbon-coated aluminum
current collectors.

[0051] In each instance, the first current collector 32 and
the second current collector 34 respectively collect and
move iree electrons to and from an external circuit 40. For
example, an interruptible external circuit 40 and a load
device 42 may connect the negative electrode 22 (through
the first current collector 32) and the positive electrode 24
(through the second electrode current collector 34). The
battery 20 can generate an electric current (indicated by
arrows 1n FIG. 1) during discharge by way of reversible
clectrochemical reactions that occur when the external cir-
cuit 40 1s closed (to connect the negative electrode 22 and
the positive electrode 24) and when the negative electrode
22 has a lower potential than the positive electrode 24. The
chemical potential difference between the negative electrode
22 and the positive electrode 24 drives electrons produced
by a reaction, for example, the oxidation of intercalated
lithium, at the negative electrode 22, through the external
circuit 40 towards the positive electrode 24. Lithium 1ons,
which are also produced at the negative electrode 22, are
concurrently transferred through the electrolyte layer 26
towards the positive electrode 24. The electrons flow
through the external circuit 40 and the lithium 1ons migrate
across the electrolyte layer 26 to the positive electrode 24,
where they may be plated, reacted, or intercalated. The
clectric current passing through the external circuit 40 can
be harnessed and directed through the load device 42 (1n the
direction of the arrows) until the lithium in the negative
clectrode 22 1s depleted and the capacity of the battery 20 1s
diminished.

[0052] The battery 20 can be charged or reenergized at any
time by connecting an external power source (e.g., charging
device) to the battery 20 to reverse the electrochemical
reactions that occur during battery discharge. The external
power source that may be used to charge the battery 20 may
vary depending on the size, construction, and particular
end-use of the battery 20. Some notable and exemplary
external power sources include, but are not limited to, an
AC-DC converter connected to an AC electrical power grid
though a wall outlet and a motor vehicle alternator. The
connection of the external power source to the battery 20
promotes a reaction, for example, non-spontancous oxida-
tion of intercalated lithium, at the positive electrode 24 so
that electrons and lithium 1ons are produced. The electrons,
which tlow back towards the negative electrode 22 through
the external circuit 40, and the lithium 1ons, which move
across the electrolyte layer 26 back towards the negative
clectrode 22, reunite at the negative electrode 22 and replen-
ish 1t with lithium for consumption during the next battery
discharge cycle. As such, a complete discharging event
followed by a complete charging event 1s considered to be
a cycle, where lithium 1ons are cycled between the positive
clectrode 24 and the negative electrode 22.
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[0053] Although the illustrated example includes a single
positive electrode 24 and a single negative electrode 22, the
skilled artisan will recognize that the current teachings apply
to various other configurations, including those having one
or more cathodes and one or more anodes, as well as various
current collectors and current collector films with electro-
active particle layers disposed on or adjacent to or embedded
within one or more surfaces thereol. Likewise, 1t should be
recognized that the battery 20 may include a variety of other
components that, while not depicted here, are nonetheless
known to those of skill in the art. For example, the battery
20 may include a casing, a gasket, terminal caps, and any
other conventional components or materials that may be
situated within the battery 20, including between or around
the negative electrode 22, the positive electrode 24, and/or
the solid-state electrolyte layer 26.

[0054] In many configurations, each of the negative elec-
trode current collector 32, the negative electrode 22, the
clectrolyte layer 26, the positive electrode 24, and the
positive electrode current collector 34 can be prepared as
relatively thin layers ({or example, from several microns to
a millimeter or less 1n thickness) and assembled 1n layers
connected 1n series arrangement to provide a suitable elec-
trical energy, battery voltage and power package, for
example, to yield a Series-Connected Elementary Cell Core
(“SECC”). In various other instances, the battery 20 may
turther include electrodes 22, 24 connected 1n parallel to
provide suitable electrical energy, battery voltage, and

power for example, to yield a Parallel-Connected Elemen-
tary Cell Core (“PECC”).

[0055] The size and shape of the battery 20 may vary
depending on the particular applications for which 1t 1s
designed. Battery-powered vehicles and hand-held con-
sumer electronic devices are two examples where the battery
20 would most likely be designed to diflerent size, capacity,
voltage, energy, and power-output specifications. The bat-
tery 20 may also be connected 1n series or parallel with other
similar lithium-ion cells or batteries to produce a greater
voltage output, energy, and power 11 1t 1s required by the load
device 42. The battery 20 can generate an electric current to
the load device 42 that can be operatively connected to the
external circuit 40. The load device 42 may be fully or
partially powered by the electric current passing through the
external circuit 40 when the battery 20 1s discharging. While
the load device 42 may be any number of known electri-
cally-powered devices, a few specific examples of power-
consuming load devices include an electric motor for a
hybrid vehicle or an all-electric vehicle, a laptop computer,
a tablet computer, a cellular phone, and cordless power tools
or appliances, by way of non-limiting example. The load
device 42 may also be an electricity-generating apparatus
that charges the battery 20 for purposes of storing electrical
energy.

[0056] With renewed reference to FIG. 1, the bicontinuous
separating layer 26 provides electrical separation-preventing
physical contact-between the negative electrode 22 and the
positive electrode 24. The bicontinuous separating layer 26
also provides a minimal resistance path for internal passage
of 10ns. In various aspects, the bicontinuous separating layer
26 may be a continuous network including two contiguous,
interpenetrating networks. For example, the bicontinuous
separating layer 26 may include a solid-state electrolyte (1.e.,
second phase) that 1s disposed within pores of a porous
separator (or porous matrix or scatlold) (1.e., first phase).
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The pores of the porous separator may be interconnected.
The porous separator may have a porosity greater than or
equal to about 30 vol. % to less than or equal to about 80 vol.
%, and 1n certain aspects, optionally greater than or equal to
about 40 vol. % to less than or equal to about 60 vol. %; and
the solid-state electrolyte may preferably fill greater than or
equal to about 20% to less than or equal to about 100%,
optionally greater than or equal to about 50% to less than or
equal to about 100%, optionally greater than or equal to
about 60% to less than or equal to about 100%, optionally
greater than or equal to about 80% to less than or equal to
about 100%, and 1n certain aspects, optionally greater than
or equal to about 90% to less than or equal to about 100%,
of a total porosity of the porous separator. As further detailed
below, the solid-state electrolyte 1s formed in and confined
by the pores of the porous separator. For example, an
average pore diameter for the pores of the porous separator
may be greater than or equal to about 0.03 micrometers (um)
to less than or equal to about 1 um, and an average particle
s1ze for the solid-state electrolyte may be greater than or
equal to about 0.03 um to less than or equal to about 1 um.

[0057] As the pores of the porous separator are filled with
the solid-state electrolyte the permeability of the separating,
layer 26 decreases. For example, traditional separators that
are impregnated with liquid electrolyte may have a Gurley
number greater than or equal to about 15 s/100 cc, while the
bicontinuous separating layer 26 1n accordance with various
aspects of the present disclosure may have a Gurley number
greater or equal to about 300 s/100 cc, optionally greater
than or equal to about 500 s/100 cc, and 1n certain aspects,
optionally greater than or equal to about 1,000 s/100 cc. The
Gurley number 1s defined as a time it takes for 100 cc of air
to flow through the substrate. Lower Gurley numbers reflect
a high permeability, while higher Gurley numbers retlect a
lower permeability. Further, traditional separators that are
impregnated with liquid electrolyte may have an areal
resistance greater than or equal to about 2 Q-cm” to less than
or equal to about 20 -cm?, while the bicontinuous sepa-
rating layer 26 in accordance with various aspects of the
present disclosure may have an areal resistance greater than
or equal to about 2 Q-cm” to less than or equal to about 100
Q-cm”. A thickness of the bicontinuous separating layer 26
may be defined by porous separator. An average thickness of
the porous separator may be, for example, greater than or
equal to about 10 um to less than or equal to about 100 um.

[0058] In wvarious aspects, the porous separator may
include a thermoset polymer, such as an aramid. In other
variations, the porous separator may include non-woven,
laid fibers having high melting or thermal degradation
temperatures and an average void space between the fibers
of less than about 1 um. For example, the non-woven, laid
fibers may 1include cellulose, aramid, and/or Kevlar® as
detailled i U.S. Pat. No. 10,734,673, titled “lonically-
Conductive Reinforced Glass Ceramic Separators/Solid
Electrolytes™, 1ssued Aug. 4, 2022 to Thomas A. Yersak and
James R. Salvador, the entire disclosure of which 1s hereby
incorporated by reference. In still other vanations, the
porous separator may include a ceramic-filled, ultra-high
molecular weight polyethylene (UHMWPE) (which
includes an ultra-high molecular weight polyethylene mixed
with an morganic filler (e.g., alumina (Al,O,), silica, and/or
titania (110,)) up to a loading of about 80 wt. % so as to
minimize thermal shrinkage). The ultra-high molecular
weight polyethylene (UHMWPE) may have a molecular
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mass between about 3.5 million amu and about 7.5 million
amu. In still other variations, the porous separator may be
defined by 1norganic fibers (e.g., glass fibers, glass-ceramic
fibers, ceramic papers, alumina fibers). In still other varia-
tions, the porous separator may include polymethyl
penetene, polycaprolactam (Nylon 6), polybutylene tereph-
thalate (PBT), polymethylpentene (PMP), polyethylene tere-
phthalate (PET), poly(hexamethylene adipamide) (Nylon
66), cellulose, liguid crystalline polymers (such as Vectra
and/or Vectran), polyether ether ketone (PEEK), polyaramid
(Kevlar®, Nomex®), fiberglass reinforced polymer (*“fiber-
glass™), and combinations thereof.

[0059] In various aspects, the solid-state electrolyte may
include a plurality of solid-state electrolyte particles. The
solid-state electrolyte particles may be defined by one or
more solid-state electrolyte materials may include lithium or
sodium containing sulfide-based materials. The sulfide-
based materials may include, for example, a pseudobinary
sulfide, a pseudoternary sulfide, and/or a pseudoquaternary
sulfide. Example pseudobinary sulfide systems include
L1,S—P,S. systems (such as, Li,PS,, Li,P,S,,, and Lig
sP3S,,), L1,S—SnS, systems (such as, L1,SnS,), Li,S—
S1S, systems, LiZS—GeS2 systems, L1,5—B,S,; systems,
L1,S—Ga,S,; system, L1,S—P,S; systems, and L[i1,5—
Al,S; systems. Example pseudoternary sulfide systems
include [1,0—L1,S—P,S. systems, L[L1,S—P,S.—P,O,
systems, L1,S—P,S.-GeS, systems (such as, L1; ,-Ge, ,<Py
758, and L1, ,GeP,S1,), L1,S—P,S.—11X systems (where X
i1s one of F, Cl, Br, and I) (such as, Li1,PS Br, Li1,PS.Cl,
L-P,S:I, and L1,PS, 1), L1,S—As,S.—SnS, systems (such
as, L1; ¢330, 233AS; 16654), L1,5—P,S.—AlL,S, systems,
L1,S—L1X—S81S, systems (where X 1s one of F, Cl, Br, and
), 0.4L11-:0.6L.1,SnS,, and L1,,51,PS,,. Example pseudo-
quaternary sulfide systems include Li1,0—L1,S—P,S.—
P,Os systems, Lig 5,51, 74P, 445, ;Cly 5, L1,P, JMn, (S
715 5, and L1, 4 3<[Sng 5-51; :]P; «5S;,]. In certain varnations,
the solution-processable solid-state electrolyte material may
be selected from the group consisting of: L1,PS,, L1,P,S,,,
L1,P3S, O, (where O=x=1.25), L1;,PS;M (where M 1s
chloride (Cl), bromide (Br), 1odine (I), and combinations
thereol), L1,PS M (where M 1s chloride (Cl), bromide (Br),
10dine (1), and combinations thereot), Na,PS,, Na;_,PS
(4-x>€, (Where 0=x<0.1), and combinations thereof. In cer-

tain variations, the solid-state electrolyte may include Li,
oOHC], ,.

[0060] In certain variations, the porous separator may
include, for example, a thermoset polymer, such as an
aramid. In other variations, the porous separator may include
non-woven, laid fibers having high melting or thermal
degradation temperatures. The non-woven, laid fiber sepa-
rator may be thermally and chemically stable for at least one
hour at temperatures up to about 450° C. In still other
variations, the porous separator may include a ceramic-
filled, ultra-high  molecular weight polyethylene
(UHMWPE) (which includes an wultra-high molecular
weight polyethylene mixed with an morganic filler (e.g.,
alumina, silica, and/or titania) up to a loading of about 80 wt.
% so as to minimize thermal shrinkage). The ceramic-filled,
ultra-high molecular weight polyethylene (UHMWPE)
separator may be thermally and chemically stable for at least
one hour at temperatures up to about 300° C. In still other
variations, the porous separator may be defined by inorganic
fibers (e.g., ceramic papers, alumina fibers). In still other
variations, the porous separator may include polymethyl
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penetene. In such variations, where the porous separator
includes the thermoset polymer (such as an aramid) and/or
non-woven, laid fibers and/or ceramic-filled, ultra-high
molecular weight polyethylene (UHMWPE) separator and/
or the ceramic fibers and/or the polymethyl penetene, the
solid-state electrolyte may include a plurality of solid-state
clectrolyte particles defined by one or more solution-pro-
cessable solid-state electrolyte materials. The one or more
solution-processable solid-state electrolyte materials may
include lithium or sodium containing sulfide-based materi-
als, as detailed above.

[0061] In other variations, the porous separator may be
defined by polymers having higher melting temperatures
(e.g., greater than about 200° C., and 1n certain aspects,
optionally greater than about 215° C.). For example, the
porous separator may include polycaprolactam (Nylon 6)
having a melting point of greater than or equal to about 215°
C. to less than or equal to about 220° C., polybutylene
terephthalate (PB'T) having a melting temperature of about
223° C., polymethylpentene (PMP) having a melting tem-
perature ol about 240° C., polyethylene terephthalate (PET)
having a melting temperature of about 260° C., poly(hex-
amethylene adipamide) (Nylon 66) having a melting point
greater than or equal to about 263° C. to less than or equal
to about 269° C., cellulose having a melting point greater
than or equal to about 260° C. to less than or equal to about
2°70° C., liquid crystalline polymers (such as Vectra having
a melting poimnt of about 280° C. and/or Vectran having a
melting points of about 350° C.), polyether ether ketone
(PEEK) having a melting temperature of about 343° C.,
polyaramid (Kevlar®, Nomex®) having a melting point of
about 3500° C., fiberglass having a melting point of about
1,135° C., and combinations thereof. In such variations, the
solid-state electrolyte may include Li, ;/OHCI,, having a
melting temperature of about 300° C.

[0062] The combination of porous separators and solid-
state electrolytes may address many of the challenges often
associated with traditional solid-state electrolyte layers, like
limited energy density as the result of comparatively large
thickness (e.g., greater than about 100 um). The combination
ol porous separators and solid-state electrolytes may also
limait lithium plating within pores and cracks and along grain
boundaries in the solid-state electrolyte. However, free-
flowing solid-state electrolyte powders are often too large to
fit into the sub-micron size pores of the porous separators,
and the solution processing of solid-state electrolytes often
require heat treatments that can destroy the porous separa-
tors. For example, the porous separators oiten have average
pore diameters greater than or equal to about 0.01 um to less
than or equal to about 0.3 um, while free-flowing solid-state
clectrolyte powders typically have average particle sizes
greater than or equal to about 0.5 um to less than or equal
to about 10 um.

[0063] The present disclosure provides methods for pre-
paring bicontinuous separating layers including two con-
tiguous, interpenetrating networks: a porous separator filled
with a solid-state electrolyte. For example, FIG. 2 illustrates
an example method 200 for preparing a bicontinuous sepa-
rating layer, like the bicontinuous separating layer 26 illus-
trated 1n FIG. 1. The method 200 may include contacting
230 a solid-state electrolyte solution with the porous sepa-
rator to form a precursor 1nfiltrated (or impregnated) porous
separator. In certain variations, the contacting 230 may
include drop casting and/or vacuum processing. In certain
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variations, the contacting 230 may occur 1n an nert envi-
ronment (e.g., dry room) so as to limit or avoid oxidation of
the polymeric materials defining the porous separator.

[0064] The method 200 may include heating 240 the
precursor infiltrated porous separator to remove (e.g., boil
ofl) the solvent and form an nfiltrated (or impregnated)
porous separator (1.e., a bicontinuous separating layer). For
example, in certain variations, the precursor infiltrated
porous separator may be heated 240 to a first temperature
greater than or equal to about 25° C. to less than or equal to
about 300° C., optionally greater than or equal to about 130°
C. to less than or equal to about 200° C. and in certain
aspects, optionally about 130° C. The first temperature may
be held for a first period greater than or equal to about 10
minutes to less than or equal to about 12 hours, optionally
greater than or equal to about 1 hour to less than or equal to
about 2 hours, and 1n certain aspects, optionally about 1
hour.

[0065] In certain vanations, the method 200 includes
repeating method steps 230 and 240 until a desired loading,
of the infiltrated porous separator 1s achieved. The porous
separator has an interconnected porous structure. For
example, the porous separator may have a porosity greater
than or equal to about 30 vol. % to less than or equal to about
80 vol. %, and 1n certain aspects, optionally greater than or
equal to about 40 vol. % to less than or equal to about 60 vol.
%, and the solid-state electrolyte may preferably fill greater
than or equal to about 20% to less than or equal to about
100%, and 1n certain aspects, optionally greater than or
equal to about 50% to less than or equal to about 80%, of a
total porosity of the porous separator.

[0066] As detailed above, the porous separator may be a
thermally and dimensionally stable separator at tempera-
tures up to about 240° C., and 1n certain aspects, optionally
about 300° C. In certain variations, the method 200 may
include preparing 220 the porous separator. Preparing 220
the porous separator may include, for example, applying an
ox1ide coating to one or more surfaces of the porous separator
using an atomic layer deposition coating process. The oxide
layer may improve the wettability of the porous separator
and thereby the infiltration of the solid-state electrolyte. In
certain variations, the oxide layer may include Al,O;, TiO,,
710, and combinations thereof. Although illustrated con-
secutively, 1t should be recognized that in certain varnations,
the preparing 210 of the solid-state electrolyte solution and
the preparing 220 of the porous separator may occur con-
currently. Further still, 1n certain variations, the preparing
220 of the porous separator may occur prior to the preparing
210 of the of the solid-state electrolyte solution.

[0067] In certain variations, the method 200 may include
preparing 210 the solid-state electrolyte solution or liquid-
state precursor. In certain variations, the solid-state electro-
lyte solution may be prepared by contacting 212 a solid-state
clectrolyte powder and a solvent. For example, the solid-
state electrolyte powder may be dissolved 1n the solvent. In
certain variations, the solid-state electrolyte powder may
include a plurality of solid-state electrolyte particles. As
discussed above, the solid-state electrolyte particles may be
defined by one or more solution-processable solid-state
clectrolyte materials. In other variations, the solid-state
clectrolyte solution may be prepared by contacting 212 a
solid-state electrolyte powder precursor to the solvent. For
example, the solid-state electrolyte powder precursor may
be dissolved in the solvent. In certain variations, the solid-
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state electrolyte precursor may include, for example, L1,0,
L1,S, P,S., P,O., polysulfides, and combinations thereof. In
cach variation, the solvent may include acetonitrile (ACN),
tetrahydrofuran (THF), ethanol (EtOH), methanol (MeOH),
n-methylformamide (NMF), ethyl propionate (EP), water
(H,O), hydrazine, n-hexane, glycol ethers (e.g., diglyme/
DEGDME, triglyme and/or tetraglyme), ethyl acetate (EA),
and combinations thereof.

[0068] In certain variations, the method 200 may further
include a second heat treatment. For example, the method
200 may include heating (or annealing) 250 the infiltrated
porous separator to obtain desired solid-state electrolyte
phase 1onic conductivity. The infiltrated porous separator
may be heated 250 to a second temperature greater than or
equal to about 100° C. to less than or equal to about 550° C.,
and 1n certain aspects, optionally greater than or equal to
about 200° C. to less than or equal to about 300° C. The
second temperature may be held for a second period greater
than or equal to about 1 minute to less than or equal to about
2 hours, optionally greater than or equal to about 5 minutes
to less than or equal to about 1 hours, and 1n certain aspects,
optionally greater than or equal to about 5 minutes about 10
minutes. The heating 250 may work to obtain the desired
solid-state electrolyte phase 1onic conductivity by reducing
the grain boundary impedance by sintering and precipitating
superionic conducting solid-state electrolyte phases. In cer-
tain variations, the desired solid-state electrolyte phase 1onic
conductivity may be greater than or equal to about 2.5x107>

S/cm S/cm at 25° C.

[0069] In certain variations, the method 200 may further
include (1n addition to, or instead of, the second heat
treatment 250) hot pressing 260 the infiltrated porous sepa-
rator to reduce grain boundary impedance via viscoplastic
flow and the precipitation of superionic conducting solid-
state electrolyte phases. The hot pressing 260 may include
heating the infiltrated porous separator to a third tempera-
ture. In certain instances, the heating the infiltrated porous
separator to the third temperature may occur while a pres-
sure 1s applied. The third temperature may greater than or
equal to about 100° C. to less than or equal to about 550° C.,
and 1n certain aspects, optionally greater than or equal to
about 200° C. to less than or equal to about 300° C. The
applied pressure may be greater than or equal to about 0.1
MPa to less than or equal to about 300 MPa, optionally
greater than or equal to about 1 MPa to less than or equal to
about 300 MPa, and in certain aspects, optionally greater
than or equal to about 1 MPa to less than or equal to about
10 MPa. The heat (and optionally the pressure) may be
applied for a third period greater than or equal to about 1
minute to less than or equal to about 2 hours, and 1n certain
aspects, optionally greater than or equal to about 5 minutes
to less than or equal to about 10 minutes. Although not
illustrated, 1t should be appreciated that, in certain varia-
tions, the method 200 may include a cooling step between
the second heat treatment 250 and the hot pressing 260. For
example, the infiltrated porous separator may be passively
cooled to about ambient temperature or infiltration tempera-
ture (e.g., first temperature) prior to the hot pressing 260.

[0070] FIG. 3 illustrates an example method 300 for
preparing a bicontinuous separating layer, where the solid-
state electrolyte has a melting point less than about 300° C.,
and the porous separator includes polymers having melting
point greater than about 200° C., and 1n certain aspects,
optionally greater than about 215° C. That 1s, the solid-state
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clectrolyte has a melting point that 1s low compared to
common solid-state electrolytes, and the porous separator
has a melting point that 1s high compared to common porous
separators. For example, the solid-state electrolyte may
include L1, JOHCI, ; having a melting temperature of about
300° C. and the porous separator may include polycapro-
lactam (Nylon 6) having a melting point of greater than or
equal to about 215° C. to less than or equal to about 220° C.,
polybutylene terephthalate (PBT) having a melting tempera-
ture of about 223° C., polymethylpentene (PMP) having a
melting temperature of about 240° C., polyethylene tereph-
thalate (PE'T) having a melting temperature of about 260°
C., poly(hexamethylene adipamide) (Nylon 66) having a
melting point greater than or equal to about 263° C. to less
than or equal to about 269° C., cellulose having a melting
point greater than or equal to about 260° C. to less than or
equal to about 270° C., liqud crystalline polymers (such as
Vectra having a melting point of about 280° C. and/or
Vectran having a melting points of about 350° C.), polyether
cther ketone (PEEK) having a melting temperature of about
343° C., polyaramid (Kevlar®, Nomex®) having a melting
point of about 500° C., fiberglass having a melting point of
about 1,135° C., and combinations thereof. The higher-
melting point polymers may be immiscible i solvents like
those used 1n method 200.

[0071] The method 300 may include contacting 310 the
low-melting point solid-state electrolyte with the high-melt-
ing point polymers to form a physical mixture. In certain
variations, the contacting 310 may occur using a physical
mixing process, like ball milling, stirring, grinding, and the
like. The method 300 may include heating 320 the physical
mixture. For example, the physical mixture may be heated
320 to a first temperature greater than or equal to about 240°
C. to less than or equal to about 500° C., and 1n certain
aspects, optionally greater than or equal to about 300° C. to
less than or equal to about 500° C. In certain variations, the
heating 320 may occur 1in a vacuum so that trapped air 1s
removed and also to facilitate melt tlow so as to remove
voids. The method 300 may further include mixing 330 the
heated (or melted) physical mixture and disposing the mix-
ture to form the bicontinuous separating layer or sheet. For
example, 1n certain varnations, the heated physical mixture
may be mixed using a screw mixer and extruded using the
same to form the bicontinuous separating layer. In certain
variations, the method 300 may include mixing 330 the
heated (or melted) physical mixture for a period greater than
or equal to about 0 minutes to less than or equal to about 1
hour.

[0072] In certain varnations, the method 300 may further
include hot pressing 340 the bicontinuous separating layer to
reduce grain boundary impedance via viscoplastic flow and
the precipitation of superionic conducting solid-state elec-
trolyte phases. The hot pressing 360 may include heating the
bicontinuous separating layer to a second temperature. In
certain variations, the hot pressing 360 may include heating
the bicontinuous separating layer while a pressure 1s applied.
The second temperature may greater than or equal to about
100° C. to less than or equal to about 550° C., and 1n certain
aspects, optionally greater than or equal to about 200° C. to
less than or equal to about 300° C. The applied pressure may
be greater than or equal to about 0.1 MPa to less than or
equal to about 300 MPa, optionally greater than or equal to
about 1 MPa to less than or equal to about 300 MPa, and 1n
certain aspects, optionally greater than or equal to about 1

Mar. 28, 2024

MPa to less than or equal to about 10 MPa. The heat (and
optionally the pressure) may be applied for a period greater
than or equal to about 1 minute to less than or equal to about
2 hours, and 1n certain aspects, optionally greater than or
equal to about 5 minutes to less than or equal to about 10
minutes.

[0073] In certain variations, the method 300 may further
include (1n addition to, or instead of the hot pressing 340)
heating (or annealing) 350 the bicontinuous separating layer
to obtain desired solid-state electrolyte phase 1onic conduc-
tivity. For example, the bicontinuous separating layer may
be heated 350 to a second temperature greater than or equal
to about 100° C. to less than or equal to about 550° C., and
in certain aspects, optionally greater than or equal to about
200° C. to less than or equal to about 300° C. The second
temperature may be held for a second period greater than or
equal to about 1 minute to less than or equal to about 2
hours, optionally greater than or equal to about 5 minutes to
less than or equal to about 1 hours, and in certain aspects,
optionally greater than or equal to about 5 minutes about 10
minutes. The heating 350 may work to obtain the desired
solid-state electrolyte phase 1onic conductivity by reducing
the grain boundary impedance by sintering and precipitating
superionic conducting solid-state electrolyte phases. In cer-
tain variations, the desired solid-state electrolyte phase 10nic
conductivity may be greater than or equal to about 2.5x107>
S/cm at 25° C. Although not 1llustrated, 1t should be appre-
clated that, 1n certamn variations, the method 300 may
include a cooling step between the hot pressing 340 and the
annealing 350. For example, the bicontinuous separating
layer may be passively cooled to about ambient temperature)
prior to the annealing 350.

[0074] With renewed reference to FIG. 1, the negative
clectrode 22 may be formed from a lithtum host material that
1s capable of functioming as a negative terminal of a lithium-
ion battery. In various aspects, as illustrated, the negative
clectrode 22 may be defined by a plurality of negative
clectroactive material particles 50. Such negative electroac-
tive material particles 50 may be disposed 1n one or more
layers so as to define the three-dimensional structure of the
negative electrode 22. In certain variations, as illustrated, the
negative electrode 22 may be a composite electrode com-
prising a first plurality of solid-state electrolyte particles 90
in combination with the negative electroactive material
particles 50. For example, the negative electrode 22 may
include greater than or equal to about 30 wt. % to less than
or equal to about 98 wt. %, and 1n certain aspects, optionally
greater than or equal to about 50 wt. % to less than or equal
to about 95 wt. %, of the negative solid-state electroactive
particles 50, and greater than or equal to about 0 wt. % to
less than or equal to about 50 wt. %, and 1n certain aspects,
optionally greater than or equal to about 5 wt. % to less than
or equal to about 20 wt. %, of the first plurality of solid-state
clectrolyte particles 90. In each instance, the negative elec-
trode 22 (including the one or more layers) may have an
average thickness greater than or equal to about 0 nm to less
than or equal to about 500 um, optionally greater than or
equal to about 1 um to less than or equal to about 500 um,
and 1n certain aspects, optionally greater than or equal to
about 10 um to less than or equal to about 200 um.

[0075] Incertain variations, the first plurality of solid-state
clectrolyte particles 90 may be the same as, or different
from, the solid-state electrolyte of the bicontinuous separat-
ing layer 26. In other variations, the first plurality of solid-
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state electrolyte particles 90 may include, for example,
oxide-based materials, metal-doped or aliovalent-substituted
oxide matenals, nitride-based maternials, hydrnide-based
materials, halide-based materials, and/or borate-based mate-
rials.

[0076] The oxide-based matenials may include, {for
example, garnet ceramics, LISICON-type oxides, NASI-
CON-type oxides, and Perovskite type ceramics. The garnet
ceramics may be selected from the group consisting of:
L1;LayZr,0,,,  Lig ,Gag 3La; osRbg 05241,0,,,  Liggsha,
oCay 1 21 75Nbg 5505, Lig 55Alg 551a32r,0, 5, Lig 5sLasZry
75sNb, ,<O,,, and combinations thereol. The LISICON-type
oxides may be selected from the group consisting of: L1,
2x/n,_ GeO, (where 0<x<1), L1,,7/n(Ge0O,),, L1, (P,_S1 )
O, (where 0<x<1), L1, Ge V,_0O, (where 0<x<1), and
combinations thereof. The NASICON-type oxides may be
defined by LiMM'(PO,),;, where M and M' are indepen-
dently selected from Al, Ge, Ti, Sn, Hf, Zr, and La. For
example, 1 certain variations, the NASICON-type oxides
may be selected from the group consisting of: L1, Al Ge,_
(PO, ),(LAGP) (where 0=x<2), L1, ,Al, .11, ((PO,),, L1,
3Al, 11, ,(PO,);, L1T1,(PO,),, L1GeT1(PO,);, Li1Ge,(PO,)
,, L1HT,(PO,);, and combinations thereof. The Perovskite-
type ceramics may be selected from the group consisting of:
L1; 5La, 551105, LiSr) ¢sZr) 31a, ,0q, L1, _ Sr,_ Ta Zr,_
+vO, (where x=0.75y and 0.60<y<0.73), L1,,,Sr,,, [Nb, .7Zr,,
403, L1, La,/5_ 1105 (Where 0<x<0.25), and combinations
thereol.

[0077] The metal-doped or aliovalent-substituted oxide
materials may include, for example, aluminum (Al) or
niobium (Nb) doped Li,La,Zr,O,,, antimony (Sb) doped
Li-La,Zr,0,,, galllum (Ga) doped Li,La,Zr,O,,, chro-
mium (Cr) and/or vanadium (V) substituted LiSn,P,O,,,
aluminum  (Al) substituted L1, AlTi,_ S1,P; O,
(where 0<x<2 and 0<y<3), and combinations thereof. The
nitride-based materials may include, for example, Li;N,
L1.PN,, LiS1,N;, and combinations thereof. The hydrnde-
based particles may include, for example, LiBH,, LiBH,—
[L1X (where x=Cl, Br, or I), LiNH,, L1,NH, LiBH_,—I1NH,,
L1,AlH,, and combinations thereof. The halide-based mate-
rials may include, for example, Lil, Li;InCl., L1,CdC,_,
Li1,MgCl,, LaCdl,, Li1,Znl,, L1;0Cl, L1,YCl,, L1;YBr,, and
combinations thereof. The borate-based materials may
include, for example, L1,B,0,, L1,0—B,0,—P,0., and
combinations thereof.

[0078] In various aspects, the negative electroactive mate-
rial particles 50 may include a lithtum-containing negative
clectroactive material, such as a lithum alloy and/or a
lithium metal. For example, in certain variations, the nega-
tive electrode 22 may be defined by a lithium metal foil. In
other varnations, the negative electroactive material particles
50 may include, for example only, a carbonaceous negative
clectroactive material (such as, graphite, hard carbon, soft
carbon, and the like) and/or a metallic negative electroactive
material (such as tin, aluminum, magnesium, germanium,
and alloys thereof, and the like). In further vanations, the
negative electroactive material particles 50 may include a
silicon-based negative electroactive matenal.

[0079] In still further variations, although not 1llustrated,
the negative electrode 22 may be a composite electrode
including a combination of negative electroactive materials.
For example, the negative electrode 22 may include a first
plurality of negative electroactive material particles and a
second plurality of negative electroactive material particles.
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In certain variations, a ratio of the first negative electroactive
material defining the first plurality of negative electroactive
material particles to the second negative electroactive mate-
rial defining the second plurality of negative electroactive
material particles may be greater than or equal to about 3:95
to less than or equal to about 95:5. The first and second
negative electroactive materials may be independently
selected from the group including, for example, lithium,
lithium alloys, carbonaceous negative electroactive materi-
als (such as, graphite, hard carbon, soit carbon, and the like),
metallic negative electroactive materials (such as tin, alu-
minum, magnesium, germanium, and alloys thereot, and the
like), and silicon-based negative electroactive material.

[0080] Although not illustrated, it should be understood
that, 1n certain vanations, the negative electrode 22 may
further iclude an electronically conductive material (i.e.
conductive additive) that provides an electron conductive
path and/or a polymeric binder material that improves the
structural 1ntegrity of the negative electrode 22. For
example, the negative electrode 22 may include greater than
or equal to about 30 wt. % to less than or equal to about 98
wt. %, and 1n certain aspects, optionally greater than or equal
to about 60 wt. % to less than or equal to about 95 wt. %,
of the negative electroactive material; greater than or equal
to O wt. % to less than or equal to about 30 wt. %, and 1n
certain aspects, optionally greater than or equal to about 0.5
wt. % to less than or equal to about 10 wt. %, of the
clectronically conducting material; and greater than or equal
to 0 wt. % to less than or equal to about 20 wt. %, and 1n
certain aspects, optionally greater than or equal to about 0.5
wt. % to less than or equal to about 10 wt. %, of the
polymeric binder.

[0081] Example polymeric binders include polyimide,
polyamic acid, polyamide, polysulfone, polyvinylidene dii-
luonde (PVdF), polytetratluoroethylene (PTFE), polyacrylic
acid (PAA), blends of polyvinylidene fluoride and poly-
hexafluoropropene, polychlorotrifluoroethylene, ethylene
propylene diene monomer (EPDM) rubber, carboxymethyl

cellulose (CMC), nitrile butadiene rubber (NBR), styrene-
butadiene rubber (SBR), lithium polyacrylate (LiPAA),
sodium polyacrylate (NaPAA), sodium alginate, and/or
lithium alginate. Electronically conducting materials may
include, for example, carbon-based maternials, powdered
nickel or other metal particles, or conductive polymers.
Carbon-based materials may include, for example, particles
of graphite, acetylene black (such as KETCHEN™ black or
DENKAT™ black), carbon nanofibers and nanotubes (e.g.,
single wall carbon nanotubes (SWCNT), multiwall carbon
nanotubes (MWCNT)), graphene (e.g., graphene platelets
(GNP), oxidized graphene platelets), conductive carbon
blacks (such as, SuperP (SP)), and the like. Examples of a
conductive polymer include polyaniline, polythiophene,
polyacetylene, polypyrrole, and the like.

[0082] The positive electrode 24 1s formed from a lithium-
based active material that 1s capable of undergoing lithium
intercalation and deintercalation, alloying and dealloying, or
plating and stripping, while functioning as the positive
terminal of a lithium-ion battery. In various aspects, as
illustrated, the positive electrode 24 may be defined by a
plurality of positive electroactive material particles 60. Such
positive electroactive material particles 60 may be disposed
in one or more layers so as to define the three-dimensional
structure of the positive electrode 24. In certain variations,
as 1llustrated, the positive electrode 24 may be a composite
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clectrode comprising a second plurality of solid-state elec-
trolyte particles 92 in combination with the positive elec-
troactive material particles 60. For example, the positive
clectrode 24 may include greater than or equal to about 30
wt. % to less than or equal to about 98 wt. %, and in certain
aspects, optionally greater than or equal to about 50 wt. %
to less than or equal to about 95 wt. %, of the positive
solid-state electroactive particles 60 and greater than or
equal to about 0 wt. % to less than or equal to about 50 wt.
%, and 1n certain aspects, optionally greater than or equal to
about 5 wt. % to less than or equal to about 20 wt. %, of the
second plurality of solid-state electrolyte particles 92. In
cach 1nstance, the positive electrode 24 (including the one or
more layers) may have an average thickness greater than or
equal to about 1 um to less than or equal to about 300 um,
and 1n certain aspects, optionally greater than or equal to
about 10 um to less than or equal to about 200 um.

[0083] The second plurality of solid-state electrolyte par-
ticles 92 may be the same as, or diflerent from, the first
plurality of solid-state electrolyte particles 90. For example,
in certain variations, like the solid-state electrolyte particles
90, the solid-state electrolyte particles 92 may be the same
as, or different from, the solid-state electrolyte of the bicon-
tinuous separating layer 26 and/or may include oxide-based
particles, metal-doped or aliovalent-substituted oxide par-
ticles, nitride-based particles, hydride-based particles,
halide-based particles, and/or borate-based particles.

[0084] In various aspects, the positive electroactive mate-
rial particles 60 may include a layered oxide represented by
LiMeO,, where Me 1s a transition metal, such as cobalt (Co),
nickel (N1), manganese (Mn), iron (Fe), aluminum (Al),
vanadium (V), or combinations thereof. In other vanations,
the positive electroactive matenial particles 60 1nclude an
olivine-type oxide represented by LiMePO,, where Me 1s a
transition metal, such as cobalt (Co), nickel (N1), manganese
(Mn), iron (Fe), aluminum (Al), vanadium (V), or combi-
nations thereof. In still other variations, the positive elec-
troactive material particles 60 i1nclude a monoclinic-type
oxide represented by Li;Me,(PO,),, where Me 1s a transi-
tion metal, such as cobalt (Co), mickel (IN1), manganese
(Mn), iron (Fe), aluminum (Al), vanadium (V), or combi-
nations thereof. In still other variations, the positive elec-
troactive material particles 60 include a spinel-type oxide
represented by LiMe,O,, where Me 1s a transition metal,
such as cobalt (Co), nickel (N1), manganese (Mn), iron (Fe),
aluminum (Al), vanadium (V), or combinations thereof. In
still other vanations, the positive electroactive material
particles 60 includes a favorite represented by LiMeSO,F
and/or LiMePO_F, where Me 1s a transition metal, such as
cobalt (Co), nickel (N1), manganese (Mn), iron (Fe), alumi-
num (Al), vanadium (V), or combinations thereof.

[0085] In still turther variations, although not illustrated,
the positive electrode 24 may be a composite electrode
including a combination of positive electroactive matenals.
For example, the positive electrode 24 may include a first
plurality of positive electroactive matenal particles and a
second plurality of positive electroactive material particles.
In certain variations, a ratio of the first positive electroactive
material defining the first plurality of positive electroactive
material particles to the second positive electroactive mate-
rial defining the second plurality of positive electroactive
material particles may be greater than or equal to about 5:95
to less than or equal to about 95:5. The first and second
positive electroactive materials may be independently
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selected from the group including, for example, layered
oxides, olivine-type oxides, monoclinic-type oxides, spinel-
type oxide, and/or favorite.

[0086] Although not illustrated, it should be understood
that, 1n certain variations, the positive electrode 24 may
further include an electronically conductive material (i.e.
conductive additive) that provides an electron conductive
path and/or a polymeric binder material that improves the
structural integrity of the positive electrode 24. For example,
the positive electrode 24 may include greater than or equal
to about 30 wt. % to less than or equal to about 98 wt. %,
and in certain aspects, optionally greater than or equal to
about 60 wt. % to less than or equal to about 95 wt. %, of
the positive electroactive material; greater than or equal to O
wt. % to less than or equal to about 30 wt. %, and 1n certain
aspects, optionally greater than or equal to about 0.5 wt. %
to less than or equal to about 10 wt. %, of the electronically
conducting material; and greater than or equal to 0 wt. % to
less than or equal to about 20 wt. %, and 1n certain aspects,
optionally greater than or equal to about 0.5 wt. % to less
than or equal to about 10 wt. %, of the polymeric binder. The
conductive additive and/or binder material as included 1n the
positive electrode 24 may be the same as or different from
the conductive additive and/or binder material as included in
the negative electrode 22.

[0087] The foregoing description of the embodiments has
been provided for purposes of 1llustration and description. It
1s not mtended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular embodiment
are generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used 1n a
selected embodiment, even iI not specifically shown or
described. The same may also be varied 1n many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.

What 1s claimed 1s:

1. A bicontinuous separating layer for an electrochemical
cell, the bicontinuous separating layer comprising:

a separating matrix having pores; and

a solid-state electrolyte disposed 1n at least a portion of the
pores of the separating matrix, the bicontinuous sepa-
rating layer having an ionic conductivity greater than or
equal to about 2.5x10™> S/cm at 25° C.

2. The bicontinuous separating layer of claim 1, wherein
the separating matrix has a porosity greater than or equal to
about 30 vol. % to less than or equal to about 80 vol. %, and
the solid-state electrolyte occupies greater than or equal to
about 60% of a total porosity of the separating matrix.

3. The bicontinuous separator layer of claim 1, wherein
the bicontinuous separating layer has a Gurley number
greater or equal to about 300 s/100 cc, and an areal resis-
tance greater than or equal to about 2 Q-cm? to less than or
equal to about 100 Q-cm”.

4. The bicontinuous separator layer of claim 1, wherein an
average pore diameter for the pores of the separating matrix
1s greater than or equal to about 0.03 micrometers to less
than or equal to about 1 micrometer, and an average particle
s1ze for the solid-state electrolyte 1s greater than or equal to
about 0.03 micrometers to less than or equal to about 1
micrometer.

5. The bicontinuous separating layer of claim 1, wherein
a thickness of the bicontinuous separating layer 1s defined by
the separating matrix and an average thickness of the
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separating matrix 1s greater than or equal to about 10
micrometers to less than or equal to about 100 micrometers.

6. The bicontinuous separating layer of claim 1, where the
separating matrix comprises one or more of: aramid, ultra-
high molecular weight polyethylene, inorganic {ibers,
polymethyl penetene, or any combination thereof.

7. The bicontinuous separating layer of claim 6, wherein
the solid-state electrolyte comprises a solid-state electrolyte

material selected from the group consisting of: Li,PS_,
L1,P;S,,, L1,P3S., O, (where O0O=x<1.25), Li,PS;M

)X
(where M 1s selected from the group consisting of: chloride
(Cl), bromide (Br), iodine (I), and combinations thereod),
L1,PS M (where M 1s selected from the group consisting of:
chloride (Cl), bromide (Br), 1odine (I), and combinations
thereot), Na,PS,, Na,_, PS,_Se (where 0=x<0.1), and

combinations thereot.

8. The bicontinuous separating layer of claim 6, wherein
the separating matrix comprises the ultra-high molecular
weight polyethylene, and the ultra-high molecular weight
polyethylene 1s mixed with an 1norganic filler up to a loading,
of about 80 wt. %, the inorganic filler being selected from
the group consisting of: alumina, silica, titama, and combi-
nations thereof.

9. The bicontinuous separating layer of claim 1, wherein
the separating matrix comprises a polymer having a melting,
temperature greater than or equal to about 215° C.

10. The bicontinuous separating layer of claim 9, wherein
the polymer 1s selected from the group consisting of: poly-
caprolactam, polybutylene terephthalate (PBT), polymeth-
ylpentene (PMP), polyethylene terephthalate (PET), poly
(hexamethylene adipamide), cellulose, liquid crystalline
polymer, polyether ether ketone (PEEK), polyaramid, fiber-
glass, and combinations thereof.

11. The bicontinuous separating layer of claim 9, wherein
the solid-state electrolyte powder has a melting temperature
less than or equal to about 300° C.

12. The bicontinuous separating layer of claim 11,

wherein the solid-state electrolyte powder comprises L1,
oOHCI, o.

13. A method for forming a bicontinuous separating layer
for an electrochemical cell, the method comprising;

contacting a solid-state electrolyte liquid-state precursor
with a separating matrix having pores, the solid-state
clectrolyte liquid-state precursor entering at least a
portion of the pores of the separating matrix to form an
infiltrated separating matrix, wherein the solid-state
clectrolyte liquid-state precursor comprises a solvent
and a solid-state electrolyte powder or a solid-state
clectrolyte powder precursor;

heating the infiltrated separating matrix to a temperature
greater than or equal to about 25° C. to less than or
equal to about 300° C. to remove the solvent and form
the bicontinuous separating layer, the bicontinuous
separating layer comprising a solid-state electrolyte 1n
at least the portion of the pores of the separating matrix.

14. The method of claim 13, wherein the contacting and
the heating are repeated until the solid-state electrolyte fills
greater than or equal to about 60% of a total porosity of the
separating matrix.

15. The method of claim 13, wherein the temperature 1s a
first temperature, and the method further comprises at least
one of:
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heating the bicontinuous separating layer to a second
temperature greater than or equal to about 100° C. to
less than or equal to about 350° C.; and

heating the bicontinuous separating layer to a third tem-

perature greater than or equal to about 100° C. to less
than or equal to about 530° C. while applying a
pressure greater than or equal to about 1 MPa to less
than or equal to about 300 MPa.

16. The method of claim 13, wherein the separating
matrix comprises aramid, ultra-high molecular weight poly-
cthylene, mnorganic fibers, polymethyl penetene, or any
combination thereof;

the solid-state electrolyte comprises a solid-state electro-
lyte material selected from the group consisting of:
L1;PS,, L1,P5S,,, Li,P5S.,_ O, (where O=x<1.25),
L1,PS.M (where M 1s selected from the group consist-

ing of: chloride (Cl), bromide (Br), iodine (I), and

combinations thereof), L1,PS,M (where M 1s selected
from the group consisting of: chloride (Cl), bromide

(Br), 1odine (I), and combinations thereof), Na,PS_,

Na_» PSS, Se, (where 0=x<0.1), and combinations

thereof;
the solid-state electrolyte powder precursor 1s selected

from the group consisting of: L1,0, L1,S, P,S., P,O.,

polysulfides, and combinations thereof; and

the solvent selected from the group consisting of: acetoni-

trile (ACN), tetrahydroturan (THF), ethanol (EtOH),
methanol (MeOH), n-methylformamide (NMF), ethyl
propionate (EP), water (H,O), hydrazine, n-hexane,
glycol ethers, ethyl acetate (EA), and combinations
thereof.

17. The method of claim 13, wherein the temperature 1s a
first temperature, the separating matrix comprises ultra-high
molecular weight polyethylene and the ultra-high molecular
weilght polyethylene 1s mixed with an 1norganic filler up to
a loading of about 80 wt. %, and the method further
COmMprises:

preparing the solid-state electrolyte solution in a process

comprising:

contacting the solid-state electrolyte powder precursor
with a solvent, the solid-state electrolyte powder
precursor selected from the group consisting of:
1,0, L1,S, P,S., P,O., polysulfides, and combina-
tions thereof, and the solvent selected from the group
consisting of: acetonitrile (ACN), tetrahydrofuran
(THF), ethanol (EtOH), methanol (MeOH), n-meth-
ylformamide (NMF), ethyl propionate (EP), water
(H,O), hydrazine, n-hexane, glycol ethers, ethyl
acetate (EA), and combinations thereof; and

heating the bicontinuous separating layer to a second
temperature greater than or equal to about 100° C. to
less than or equal to about 350° C.
18. A method for forming a bicontinuous separating layer
for an electrochemical cell, the method comprising:
contacting a solid-state electrolyte powder with a sepa-
rating matrix having pores to form a physical mixture,
the separating matrix being defined by a polymer
having a melting temperature greater than or equal to
about 215° C., and the solid-state electrolyte having a
melting temperature greater than or equal to about 300°
C.;

heating the physical mixture to a temperature greater than
or equal to about 240° C. to less than or equal to about
500° C. to form a melted mixture;
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mixing the melted mixture to form a precursor mixture;

and

extruding the precursor mixture to form the bicontinuous

separating layer, the bicontinuous separating layer
comprising a solid-state electrolyte 1 at least the
portion of the pores of the separating matrix.

19. The method of claim 18, wherein the polymer 1is
selected from the group consisting of: polycaprolactam,
polybutylene terephthalate (PBT), polymethylpentene
(PMP), polyethylene terephthalate (PET), poly(hexameth-
ylene adipamide), cellulose, liqud crystalline polymer,
polyether ether ketone (PEEK), polyaramid, fiberglass, and
combinations thereof.

20. The method of claim 18, wherein the solid-state
clectrolyte comprnses L1, ;/OHCI, ..
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